Staphylococcus aureus bacteraemia (SAB); however, the impact of vancomycin tolerance (VT) is unknown.
Introduction
Staphylococcus aureus is implicated in a variety of invasive infections, including MSSA bacteraemia (MSSA-B) and MRSA bacteraemia (MRSA-B). 1, 2 Vancomycin has been the mainstay of MRSA treatment for a half-century, yet treatment failure is common even when the corresponding isolate tests susceptible. [3] [4] [5] [6] [7] Moreover, the increasing prevalence of elevated vancomycin MIC values has presented new treatment challenges. 6, 8, 9 In a recent meta-analysis, vancomycin MIC !1.5 mg/L was associated with treatment failure in MRSA-B.
10 Elevated vancomycin MIC is not unique to MRSA-B, however, and has also been independently associated with b-lactam treatment failure in MSSA-B. 11,12 A theory within the infectious diseases community is that elevated vancomycin MIC may simply be a marker for some other pathogen-specific factor or combination of factors that alters fitness and leads to poorer outcomes.
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Previous studies have demonstrated an advantage of antimicrobial regimens featuring a bactericidal agent in the treatment of S. aureus bacteraemia (SAB). 5, 13, 14 Reduced bactericidal activity of vancomycin has been associated with poorer outcomes in V C The Author 2016. Published by Oxford University Press on behalf of the British Society for Antimicrobial Chemotherapy. All rights reserved. For Permissions, please email: journals.permissions@oup.com MRSA-B, including longer duration of bacteraemia and vancomycin treatment failure. 5, 15 One measure of reduced bactericidal activity is antibiotic tolerance, in which there is a large dissociation between MIC and MBC values (MBC/MIC ratio !32). 16 In a study of nine hospitals, vancomycin tolerance (VT) was found in 20% of MRSA isolates, although the prevalence was as high as 43% in some institutions. 17 Vancomycin tolerance is also observed in MSSA isolates and may be even more prevalent in these infections. 18 The literature is scant regarding the relationship between VT and clinical outcomes in SAB and the clinical impact of VT has yet to be fully elucidated. Therefore, the objective of this study was to evaluate the relationship between VT and clinical failure in SAB.
Patients and methods

Study population and data sources
This was a retrospective cohort study of hospitalized patients at the University of Kansas Hospital (Kansas City, Kansas, USA), a tertiary care academic medical centre. All adult patients with a positive blood culture for S. aureus from 1 September 2012 through 30 June 2014 were eligible for inclusion. Exclusion criteria were: (i) antistaphylococcal therapy for <48 h; or (ii) polymicrobial bacteraemia at onset. For patients with multiple episodes of SAB, only the first episode and isolate were included.
Clinical data were collected primarily by retrospective chart review. Variables collected included demographics, ICU admission status at time of initial culture, setting of bacteraemia onset (community acquired versus hospital acquired), comorbidities, antimicrobial treatment data, previous hospitalizations, previous vancomycin exposure within 30 days, vancomycin concentrations, laboratory values and vital signs. Additional mortality (Social Security Death Index), laboratory and vital signs data were collected via the Healthcare Enterprise Repository for Ontological Narration (HERON), a clinical database available at our institution. 19 Bacteraemia was considered hospital-acquired if all elements of infection were first present !48 h after admission. The associated focus of SAB was determined as documented by a treating physician and categorized according to mortality risk. 20 Immunosuppression was defined as neutropenia, leukopenia, chronic steroid use (equivalent to !20 mg prednisone for !14 days) or antineoplastic use. Acute kidney injury was defined according to RIFLE criteria. 21 Baseline sepsis and septic shock (within 24 h of positive blood culture) were defined according to Surviving Sepsis Campaign guidelines. 22 
Outcome measures
The primary outcome was clinical failure (adapted from previous studies), defined as a composite of: (i) 30 day all-cause mortality; (ii) non-resolving signs and symptoms of bacteraemia (body temperature !38 C, white blood cell count !12000/lL or persistent positive blood cultures) for !5 days while on antimicrobial therapy; and (iii) recurrent bacteraemia within 60 days of the index SAB episode. 6, 23 A threshold of 5 days was chosen a priori based on evidence that persistent SAB at that time point is associated with worse clinical outcomes. 24 Secondary outcomes were duration of bacteraemia, SAB persistence !3 days and hospital length of stay (LOS). Duration of bacteraemia was defined as the time from the first positive S. aureus blood culture until the first negative blood culture. Hospital LOS was defined as the date of first positive S. aureus blood culture until date of discharge.
Microbiological analysis
Clinical S. aureus blood isolates from SAB cases were stored at À70 C and passed three consecutive days on tryptic soy agar to ensure uniform metabolic activity prior to microbiological testing. Vancomycin and oxacillin MICs were determined by manual broth microdilution (BMD, 0.125-64 mg/L) at a standard inoculum according to CLSI (formerly NCCLS) guidelines. 25 Vancomycin MIC was also determined by Etest according to manufacturer recommendations (bioMérieux, Marcy-l' Etoile, France). Etest MICs were read independently by 2 study personnel and discrepancies were resolved by joint re-inspection. In cases of equivocal results, Etest MICs were repeated. A vancomycin MIC of 2 mg/L by BMD or !1.5 mg/L by Etest was classified as elevated. The vancomycin and oxacillin MBC was determined by BMD per CLSI recommendations. 16 Briefly, a 100 lL aliquot of each well with no visible growth after 24 h of incubation at 35 C was streaked onto tryptic soy agar, allowed to visibly dry at room temperature and cross-streaked to account for antibiotic carryover. 16, 26 The MBC was defined as the lowest concentration of drug with !99.9% killing at 24 h. Clinical isolates with an MBC/MIC !32 by BMD were classified as tolerant. Microbiological analyses were performed in duplicate to ensure reproducibility.
Statistical analysis
Categorical variables were compared by v 2 test or two-tailed Fisher's exact test and continuous variables were compared by Student's t-test or MannWhitney U-test. The MBC/MIC ratio was assessed as both a continuous and dichotomous (!32) measure. As a continuous measure, classification and regression tree (CART) analyses were performed to identify the MBC/MIC threshold associated with clinical failure. Additionally, the relationship between increasing MBC/MIC ratio and probability of clinical failure was assessed using the Cochran-Armitage trend test. For studies of common outcomes (>10%), logistic regression overestimates relative measures of association. To overcome this, we attempted to use log-binomial regression. Because of limited population size, the model did not converge. Given that the majority of study outcomes occurred at a fixed time, Poisson regression with robust variance estimates, with either VT or the CART-derived MBC/MIC threshold as the exposure of interest, was used to validly estimate the adjusted risk ratios (RRs) and provide conservative confidence intervals relative to other types of regression models. 27 Variables associated with VT or clinical failure in the bivariate analyses (P < 0.2) were eligible for model entry. The most parsimonious models were identified using a backward stepwise approach. Variables which altered the point estimate for either VT or the CART-derived MBC/MIC threshold associated with clinical failure !10% were considered potential confounders and retained in the final models. To assess for effect measure modification, stratified analyses were performed. Specific stratifying variables examined were methicillin susceptibility, antibiotic treatment (vancomycin versus b-lactam) and vancomycin troughs. To further control for potential confounding, analyses were conducted in which methicillin resistance and first vancomycin trough concentrations <15 mg/L were forced into multivariable models. Statistical analyses were performed using SAS (version 9.2, SAS Institute Inc., Cary, NC, USA) and Salford Systems (San Diego, CA, USA) with a two-sided P < 0.05 considered statistically significant.
Ethics
The University of Kansas Medical Center institutional review board approved this study with a waiver of informed consent (protocol number 00000310).
Results
Patient and isolate summary
A total of 225 patients met study criteria and were included in the final analysis. The majority of SAB cases were MSSA-B [55.6% (n ¼ 125/225) versus 44.4% (n ¼ 100/225) MRSA-B]. The sources of these infections were skin/soft tissue (n ¼ 53), osteoarticular (Table 1) . As shown, there were no statistically significant differences observed between the two groups, including the frequency of infectious diseases consultation. The distribution of vancomycin MIC by BMD and corresponding MBC/MIC ratios are displayed in Table 2 Table 3 . Overall, 30 day mortality was observed in 13.3% of cases (n ¼ 30/225). The median duration of SAB was 2 days (IQR, 1-4 days). The CARTderived MBC/MIC breakpoint for clinical failure was 48. There were 43 isolates (19.1%) with an MBC/MIC ! 48. Factors associated with clinical failure (P < 0.2) in bivariate analysis included VT (P < 0.001), vancomycin MBC/MIC ! 48 (P < 0.001), vancomycin exposure within preceding 30 days (P ¼ 0.001), sepsis (P ¼ 0.007), septic shock (P < 0.001), hospital-acquired infection (P ¼ 0.048), high-risk
Elevated vancomycin MIC (!1.5 mg/L by Etest or 2 mg/L by BMD) was not significantly associated with clinical failure (P ¼ 0.586). In multivariable analysis, the association between clinical failure and both VT and the CART-derived MBC/MIC breakpoint persisted (Table 4) . Proportions of clinical failure by vancomycin MBC/MIC ratio were compared and a trend of more frequent clinical failure with increasing MBC/MIC ratio was observed (P ¼ 0.001; Figure 1 ).
Methicillin resistance
Vancomycin tolerance remained significantly associated with clinical failure within strata of methicillin susceptibility [MSSA (n ¼ 125, unadjusted RR, 1.67; 95% CI, 1.20-2.32; P ¼ 0.002); MRSA (n ¼ 100, unadjusted RR, 1.69; 95% CI, 1.14-2.51; P ¼ 0.010); Figure 2 and Table 5 ]. In addition, after adjusting for methicillin resistance and other confounders in multivariable Poisson regression the relationship between VT and clinical failure persisted [Table S1 (available as Supplementary data at JAC Online), models 1 and 2].
Antibiotic treatment
All of the patients in this study received appropriate empirical treatment within 24 h of positive S. aureus blood culture. Among patients receiving empirical vancomycin (n ¼ 209), VT was significantly associated with clinical failure, which persisted when further stratified by methicillin resistance (Table 5) . Among patients receiving vancomycin as definitive therapy (n ¼ 119), VT was significantly associated with clinical failure; however, this relationship did not persist after further stratification by methicillin resistance (Table 5) . Clinical failure among patients with MRSA-B treated with definitive vancomycin was 48.3% (n ¼ 43/89). The association between VT and clinical failure remained in MSSA patients treated with definitive b-lactam therapy (n ¼ 93) or non-vancomycin definitive therapy (n ¼ 95; Table 5 ). Interestingly, b-lactam tolerance (measured in vitro using oxacillin) was not associated with clinical failure in definitive b-lactam therapy MSSA patients (RR, 1.08; 95% CI, 0.79-1.46; P ¼ 0.614). Within strata of therapeutic and suboptimal vancomycin concentrations, no association was observed between VT and clinical failure (Table 5) . After adjusting for other confounding variables, including suboptimal vancomycin trough concentrations, both VT and the CART-derived MBC/MIC breakpoint remained significantly associated with clinical failure (Table S1, 
Vancomycin trough concentrations
Discussion
In this study, we found an independent association between VT and clinical failure in SAB that occurred irrespective of methicillin susceptibility. This association also persisted within strata of vancomycin treatment and b-lactam treatment of MSSA-B.
While previous researchers have evaluated the impact of bactericidal activity in SAB, data supporting the clinical relevance of this activity as measured by MBC/MIC ratio are limited. 13, [28] [29] [30] The most recent study evaluated S. aureus endocarditis (n ¼ 62) and was underpowered to detect an association between VT and clinical outcomes. 29 Data on the influence of b-lactam tolerance on
Vancomycin tolerance in Staphylococcus aureus bacteraemia JAC clinical outcomes in MSSA infections are conflicting as well. One study failed to find an association between oxacillin tolerance and clinical outcomes, while another found nafcillin tolerance was associated with increased duration of clinical symptoms of infection. 14, 29 This is similar to our findings, in that clinical signs and symptoms also persisted significantly longer when VT was observed in vitro. We did not, however, find an association between oxacillin tolerance and clinical failure. A potential explanation for decreased killing at higher vancomycin concentrations relative to the MIC lies in the "paradoxical Britt et al.
effect", in which S. aureus is killed more slowly at higher concentrations of antibiotic than at concentrations slightly above the MIC. 31 This has been observed with vancomycin versus MRSA and represents a potential mechanism of VT. 32 At clinical vancomycin concentrations (12 mg/L) vancomycin can bind and block access of murein hydrolases to substrates, leading to inhibition of the cell wall autolytic system in some S. aureus strains. 32 More recent evidence demonstrates that vancomycin exposure leads to a doubling in cell wall thickness among VT MRSA strains. 33 If tolerance can be induced at vancomycin concentrations that would be observed in vivo, it is plausible that this may have clinical implications. 34, 35 The observed increase in clinical failure associated with the VT phenotype described in the present study appears to support this hypothesis.
Although VT was associated with increased clinical failure in this cohort, a difference in 30 day mortality was not observed. Rather, the point estimate for mortality was lower when VT was observed in vitro. Similarly, heteroresistant vancomycin-intermediate S. aureus (hVISA) infection has been independently associated with persistent bacteraemia despite decreased mortality in SAB. 2, 36 This phenomenon appears to be due to alterations in the accessory gene regulator (agr) controlling for virulence in S. aureus. 23 The agr group II genotype has been associated with reduced vancomycin bactericidal activity. 37 Although we did not perform agr genotyping or hVISA screening in this study, the lack of an observed mortality increase despite high rates of clinical failure suggest a possible interplay between agr genotype, virulence, heteroresistance and VT that warrants further exploration.
Conflicting results from studies examining the relationship between elevated vancomycin MIC and clinical outcomes in SAB may be partially explained by unmeasured phenotypic variation or reduced vancomycin bactericidal activity. 37, 38 In the present study, the observation that VT -not elevated vancomycin MIC -was significantly associated with clinical failure in SAB is a novel finding that supports this hypothesis. As no association between VT and elevated MIC was observed in this cohort, these microbiological characteristics appear to be caused by distinct mechanisms. It is plausible that VT may have served as an unrecognized variable associated with treatment failure in previous studies. As VT was not significantly associated with any corresponding patient-specific factors, its presence appears to be due to some other microbiological characteristic that warrants further characterization. Vancomycin tolerance in Staphylococcus aureus bacteraemia
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We observed VT in 26.7% of clinical isolates, consistent with percentages at other institutions. 17 The observation that VT is prevalent among MSSA isolates has also been previously described. 18, 29 A novel finding from the present study was the association between VT and clinical failure even among b-lactamtreated patients with MSSA-B. As vancomycin and b-lactams both act at similar sites in the bacterial cell wall, it is biologically plausible that changes resulting in decreased vancomycin activity may also lead to lower effectiveness of other cell-wall-active agents. Our findings, combined with previous data demonstrating an association between elevated vancomycin MIC and mortality in patients receiving antistaphylococcal penicillin therapy for MSSA-B, suggest vancomycin susceptibility may importantly influence the effectiveness of cell-wall-active agents.
11 Intriguingly, baseline oxacillin tolerance was not associated with an increased risk of clinical failure among patients with MSSA-B. Since the majority of patients were treated empirically with vancomycin, it is unclear if the first few days of therapy are the most important, if vancomycin exposure leads to some inducible oxacillin tolerance or if VT is a marker for some unknown factor leading to poorer outcomes.
Vancomycin exposure within the preceding 30 days has been associated with a decreased in vitro killing by vancomycin among MRSA blood isolates. 39, 40 In the present study, VT clinical isolates were more common among those with previous vancomycin exposure, but did not reach statistical significance. Previous vancomycin exposure was significantly associated with clinical failure in univariable analysis, but was not a confounder in multivariable analyses. As the number of patients with known vancomycin exposure was limited, the relationship between previous vancomycin exposure, reduced vancomycin bactericidal activity and clinical outcomes warrants future investigation.
The present study has a number of limitations. This study featured patients with mostly intermediate-risk foci, a relatively short duration of culture-positive infection and a low overall mortality rate (13.3% versus approximately 20% in the previously published literature). 2 Thus, the external validity of these results should be assessed within the context of the patient population studied. The definition of clinical failure included a composite of signs and symptoms of infection within a timeframe relevant to the prognosis of patients with SAB; however, data on potentially important biomarkers such as C-reactive protein (CRP) were not collected as they are not commonly utilized in the management of SAB at our institution. 2, 24 Despite a more conservative clinical failure definition, the observed clinical failure rate in this study was consistent with previous literature. 23 We attempted to adjust for the potential influence of antibiotic choice on clinical failure within strata of MSSA-B and MRSA-B in stratified analyses, but the limited sample in these subgroups left us underpowered to assess for potential differences in outcomes. Within these strata with sparse subjects (e.g., vancomycin in the MSSA-B and MRSA-B strata), the relationship between VT and clinical failure remains unknown. The inability to detect a relationship between vancomycin trough concentrations and clinical failure in this cohort could also be due to limited sample size. A significantly larger sample than was available would be required to power these subanalyses. Additionally, we were unable to capture the duration of treatment completed upon hospital discharge. Finally, although bacterial isolates were passed three times postfreezing, we cannot exclude the possibility that the bacterial population distribution may have shifted during the freezing process.
While this study found VT to be a novel predictor of clinical failure in SAB, it is important to note this is likely one component of a complex relationship of clinical and microbiological factors influencing outcomes in SAB. Future research should prospectively evaluate if a relationship between VT and clinical failure exists when bactericidal alternatives to cell-wall-active agents are used for SAB. This will help to elucidate if VT is a clinical predictor for failure with b-lactam agents or rather a surrogate for some unknown virulence factor. If alternative treatments positively modify this relationship, clinical microbiology laboratories should consider expanded testing services to include MBC so that patients with VT can be readily identified or -at a minimum -performing these tests on a representative sample of clinical isolates to understand the institution-specific distribution of VT. These actions should aid clinicians in strategically selecting antimicrobial therapy with the highest probability of success in patients with SAB.
In summary, VT, but not elevated vancomycin MIC, was significantly associated with clinical failure in a population of primarily intermediate-risk SAB. This association persisted regardless of methicillin susceptibility or antibiotic treatment and after adjusting for confounding factors in multivariable regression. This finding adds to the growing body of evidence underscoring the importance of bactericidal activity in SAB. Due to the observed association between VT and clinical failure among patients with MSSA-B treated with a b-lactam, it appears that VT may serve as an important marker for failure of cell-wall-active antimicrobial therapy. Alternatives to cell-wall-active antimicrobials may be warranted in cases of SAB caused by VT isolates. Further research to determine the optimal treatment of VT SAB is needed.
